Despite routine monitoring and disinfection, treated swimming pools are frequently contaminated with the opportunistic pathogen Pseudomonas aeruginosa, which can represent a significant public health threat. This review was undertaken to identify the current understanding of risk factors associated with pool operation with respect to P. aeruginosa. The ecology and factors that promote growth of P. aeruginosa in the pool environment are complex and dynamic and so we applied a systematic risk assessment approach to integrate existing data, with the aim to improve pool management and safety. Sources of P. aeruginosa, types of infections, dose responses, routes of transmission, as well as the efficacy of current disinfectant treatments were reviewed. This review also highlights the critical knowledge gaps that are required for a more robust, quantitative risk assessment of P. aeruginosa. Quantitative risk management strategies have been successfully applied to drinking water systems and should similarly be amenable to developing a better understanding of the risk posed by P. aeruginosa in swimming pools.
INTRODUCTION
The exercise and amenity that swimming pools provide is recognised as a major social service that promotes the health and wellbeing of people of all ages. In the UK, 1,770 public pools and leisure centres generated approximately revenues of £488M (Bullock ) ; there are currently an estimated 0.16, 0.32, 0.5 and 4.2 million private pools, respectively, in the UK, USA, Germany, and France.
In the USA alone the revenue from sales of the pools is ca. $3 billion per annum. Based on such numbers, the number of pool visits probably exceeds 1 billion per year (Zwiener et al. ) and such number excludes hot tubs, spas and hydrotherapy pools which are likely to represent a significant number of 'bathing' visits annually. Despite ongoing improvements in water quality and disinfectant monitoring, swimming pools still experience microbial contamination, representing a significant community health and economic risk. To improve the management of water-borne pathogens, the World Health Organization (WHO) is now widely promoting risk analysis, which is also being increasingly adopted as best practice by drinking water utilities (Fewtrell & Accordingly, this review has been prepared with the aim of promoting a broader 'Source to Bather' risk assessment for the management of P. aeruginosa in swimming pools.
RISK ASSESSMENT AND WATER-BORNE PATHOGENS
Human health risk assessment aims to reduce morbidity and mortality through a systematic analysis of hazards and their impacts. A key risk analysis tool used by the drinking water industry to identify system vulnerabilities is the concept of Hazard Analysis and Critical Control Points (HACCP).
HACCP was developed to support spaceflight food and water protection and has subsequently been applied more generally to water/food-borne pathogens and chemicals.
With HACCP style pathogen management in mind, the Codex Alimentarius Commission () defines risk as 'A function of the probability of an adverse health effect and the severity of that effect, consequential to a hazard(s) (in food)'. Risk assessment is defined as 'A scientifically based process consisting of the following steps: (i) hazard identification, (ii) hazard characterisation, (iii) exposure assessment and (iv) risk characterisation.' This information is used to inform and guide the development of risk management protocols. The HACCP approach has been adapted to the drinking water industry as 'Water Safety Plans' (Fewtrell & Bartram ; Haas & Eisenberg ; World Health Organization a). In Australia, HACCP is also recognised in the generic national Health Risk Assessment Guidelines (EnHealth Council ) and the Annapolis protocol based Natural Bathing Water Guidelines also promote HACCP (World Health Organization ).
In the case of swimming pools, risk assessment and management has historically focused on epidemiology and proximate impacts (Craun et al. , , ; Barwick et al. ) . As a result, the sources of P. aeruginosa contamination in the pool environment and their relative importance tends to be unclear in pool surveys and outbreak studies.
Based on observations such as these, and our own experience in natural bathing water risk assessment (Roser et al. 
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Contamination factors
Pool habitats. P. aeruginosa can be derived from both human and non-human sources in substantial numbers ( Biofilms. P. aeruginosa forms biofilms on virtually all surfaces, including soil particles, plant roots, leaves (Ercolani ), human tissues, e.g. skin, eyes, lungs and fomites (World Health Organization b), and therefore, pool structures and surrounding damp surfaces such as decks, drains and benches can be sources of contamination (see Table 1 Pool management. Pool maintenance issues, which may not be detected by water quality monitoring, such as imprecise calibration of instruments measuring free chlorine and pH, may lead to inadequate chlorination and therefore facilitate blooms of P. aeruginosa. The drinking water industry has recognised that risk can be increased by multiple, simultaneous barrier failures or hazardous events (Risebro et al. ) and some case studies (see Table 1 ) suggest this may also occur in treated pools.
Hazard characterisation
Infection and illness
One of the major health effects ascribed to P. aeruginosa dis- A further limitation of current dermal and aural data is that they are based on associations with organism concentrations in pool water rather than controlled experimental studies involving well-defined doses. Though 'swimmer's ear' is a common complaint, studies have focused on attack frequency and illness consequences rather than cau- A clear message from the dose response studies presented above is that there is no absolute number of P. aeruginosa that is important for infection, but rather the infectious dose is related to the specific type of infection.
Further, dermal dose response is likely to be a function of contact time, a factor that is not included in the current beta-Poisson and exponential models. Such differences in dose response therefore must be incorporated in the hazard assessment process to develop a complete risk assessment and the associated risk mitigation strategy.
Exposure assessment
Environmental exposure pathways
The populations at greatest risk from P. aeruginosa and other opportunistic pathogens include those whose infection of users and we suggest the conceptual model in Figure 2 to describe pathways that could lead to:
• epidermal contact and infection through the skin including the ears and eyes;
• inhalation of aerosol; and • direct ingestion of water. Inhalation. In addition to needing to better understand the infectious dose for P. aeruginosa when inhaled (see section above), it is important to know the volume that is typically inhaled or aspirated during swimming. Armstrong Husman ). The latest USEPA () swimming ingestion standards for risk assessment reflect these data (medians for adults/children 16/37 mL and 95th percentiles of 53/154 mL per event, respectively). These estimates also compare well with older assumptions and child worst case estimates of ca. 100 mL (e.g. NH&MRC ).
Risk characterisation
P. aeruginosa levels
Despite frequent water monitoring, risk estimates for P. aeruginosa in treated pools, analogous to that possible for enteric style risk assessment is unnecessary. However, given that outbreaks of P. aeruginosa remain a problem, we suggest that a broader characterisation of pool ecosystems and pool built environment ( Figure 2 ) and a more formalised sanitary surveys system may be warranted.
Risk management
Favero et al. () showed that P. aeruginosa can grow from 1 to 10 cfu/mL to average concentrations of 10 6 -10 7 cfu/mL within 3-4 days in distilled water in hospitals, illustrating why continuous effective disinfection of pools is critical.
In addition, the ability of P. aeruginosa to form biofilms enhances its potential to persist in the pool environment.
Thus, its complete elimination from the pool environment is impractical and disease prevention needs to be based on improved management. The dominant protective barriers which reduce the density of P. aeruginosa in most swimming pools are chlorination, UV treatment and filtration. A summary of these barriers and their effectiveness is presented in Table 2 .
Water quality
Chlorination. Generally, free-living, planktonic P. aeruginosa are unable to survive in pool water that is adequately chlorinated. Conversely, chlorine levels tend to be depressed in poorly maintained systems and therefore chlorine levels This reduced efficacy is exacerbated when P. aeruginosa grows as a biofilm, where it was shown that P. aeruginosa in an extracellular polymeric matrix (EPS) was protected Leoni et al. (a, b) from exposure to UV-A, UV-B and UV-C at levels consistent with solar radiation (Elasri & Miller ) . UV treatment has been trialled on water distribution plants and was found to either not substantially reduce bacterial numbers or that bacterial numbers increased in UV treated systems (Långmark et al. ) . These reports reflect our own experience where UV exposure killed >99.5% of planktonic bacteria in contrast to <90% of biofilm bacteria formed on a reverse osmosis membrane (unpublished observation).
Another limitation of UV disinfection is that it does not retain any residual activity, so that, despite initial killing of planktonic or biofilm cells, bacteria can rapidly regrow after the UV treatment is removed or after they pass the UV treatment unit (e.g. as in a flowing system) (Guo et al. 
CONCLUSIONS
Water and water security issues are emerging as one of the key global challenges for the 21st century, where the goal is to ensure safe water supplies that are pathogen and chemical free. While this is mostly viewed from the drinking water perspective, it also applies to recreational waters. This is particularly true given the significant role that recreational waters (e.g. pools, spa, reservoirs) receive over 1 billion visits per year. Despite routine maintenance, testing and regulatory guidelines, swimming pools and spas remain prone to P. aeruginosa contamination. The consequences of such events can be temporary pool closures, discharge the pool water for cleaning (2,500,000 L for an
Olympic size pool) as well as community-based infections (e.g. ear infections, eye infections and folliculitis). Therefore, there is a clear need to develop new and to refine existing tools to enable pool operators to manage these systems optimally.
The drinking water industry has adopted and benefited from a risk management based approach, based on HACCP. We suggest this system should also be applied to treated pools systematically. To achieve this, several aspects of the problem must be defined, including: increasing their resistance to disinfectants, including chlorine and UV treatments. The biofilm issue is important to understand since it impacts on sampling methods, where biofilms would be responsible for shedding planktonic bacteria into the water column, and can be present anywhere in the water system of the pool, including pool and pipe surfaces, fomites and filters. Therefore, there is a need to develop a detailed understanding of the ecology and epidemiology of P. aeruginosa in the treated pool environment, e.g. the contribution of P. aeruginosa from the skin as a commensal versus introduction from the environment, to
